1 .90 g-valuc Fig. 1 . E.p.r. spectra (X-band, 
12.5K) of hydrogenase (C. vinosum) as isolated (a) or after deoxygenation and
15 h under helium (b) From Van Heerikhuizen et al. (1981) .
developed a different procedure (Van Heerikhuizen et al., 1981) . In our hands, the purified enzyme (one polypeptide of 62 kDa) shows an e.p.r. spectrum ( Fig. la) quite different from that reported by Gitlitz & Krasna (1975) . We soon found the reason for this difference. When 2-mercaptoethanol, which Gitlitz & Krasna used during their purification, was added to our preparation, we arrived at the same e.p.r. spectrum. Removal of oxygen also had this effect (Fig. lb) . Gitlitz & Krasna had not determined the spin concentration related to the e.p.r. signal, here referred t o as signal I . We have done so and found that it was preparation-dependent, ranging from 15 to 50% of the enzyme concentration (Van Heerikhuizen et al., 198 1 ; Albracht et al., 19826) . The line shape of signal 1 is that of a normal, non-interacting S = 1 / 2 system. The additional absorption lines in Fig. l (a) make up a signal. here called signal 2, that differs considerably from general S = 1/2 line shapes. We therefore considered a spin-spin interaction as one of the possibilities to explain this signal (Van Heerikhuizen et al., 1981) . although we had no idea yet about the identity of the partner spin. Strong evidence for the presence of a second redox group came from our observation that the reduced enzyme can deliver two reducing equivalents to ferricytochronie c (Van Heerikhuizen et al.. 1981) . Iron--sulphur clusters in proteins are nearly without exception one-electron acceptors. The finding of this second redox group did not really surprise us: all iron-sulphur enzymes described up to then contained at least one additional redox group. The true iron-sulphur proteins, containing only iron-sulphur clusters, d o not carry out a real redox-linked chemical reaction; they merely mediate in the transfer of electrons from one protein to another.
Although we initially assumed that both signals in Fig.  l(a) were due to a 4-Fe cluster, the experiment in Fig. 2 gave us more insight into the true situation. In trying to establish whether the experiment of Fig. 1 was reversible. the deoxygenated enzynie was exposed to air again. T o our surprise signal 2 did not return. Instead. signal 1 slowly increased in time, eventually reaching a maximum intensity, equivalent to one spin per enzyme molecule (Van Heerikhuizen et al.. 1981) . Although we noticed this effect in 1978, we have repeated the experiment when the phenomenon of 4-Fe t o 3-Fe cluster conversion was reported in the literature (for a review see Beinert & Thomson, 1983) . We then found (Fig. 2 ) that simultaneously with the increase of signal 1 a signal a t g = 4.3 appeared (Albracht et al.. 1982b) . The latter signal is usually due t o Fe3+ (in general it is caused by a high-spin 3d5 ion in a rhombic ligand field). Our conclusion was that we probably witnessed here a conversion of an e.p.r. undetectable 4-Fe cluster into an oxidized 3-Fe cluster (signal 1 ) plus Fe3+ under the influence of oxygen. This implied that signal 2, as observed in the enzyme as isolated, might well be due t o a [4Fe-4S) 3+ cluster. That both signals are due t o iron-sulphur clusters was evident from spectra of enzyme 92% enriched in "Fe, an isotope with a nuclear spin of 1 /2 (Albracht et al.. 19826) .
At this stage we realized that the preparation-dependent ratio of the signals 1 and 2 might be due to partial inactivation of the enzyme during purification. I t was indeed found that molecules with a 3-Fe cluster were inactive in the activity assay. Instead activity correlated well with that fraction of the molecules containing a 4-Fe cluster. This fraction could be quantified after a conversion of the 4-Fe cluster to a 3-Fe cluster under conditions as in Fig. 2 ( b ) After thawing, the preparation was six times evacuated and gassed with air and frozen after 1 h at 20°C. ( c ) Spectrum after thawing and a further 1.5 h at 20°C in air. There were no further changes on additional contact with air for 1 h. From Albracht et al. (1982b) . (Albracht et al., 1982b) . We also noticed that a deoxygenation-oxygenation cycle as in Fig. 2 did not affect the activity. which is always assayed under strongly reducing conditions. This suggested that the 3-Fe cluster, formed under the conditions of Fig 
The identity o f the second redox group
Already in 1978 it was brought to our attention (H. van Getnerden. personal communication) that bacteria containing hydrogenase usually benefited from the presence of trace amounts of nickel in the growth medium. We have tested this but found n o effect of the addition of 1 pM-Ni to the growth medium on either growth or the hydrogenase activity of the cells. Likewise, we found no influence of nickel on the activity of the purified enzyme and we therefore did not further pursue the possible effect of nickel. In 198 1, Friedrich et al. ( 198 1 ) published evidence that the biosynthesis of hydrogenase in Alcaligenes eutrophus was dependent on nickel. This led Thauer et al. ( 1 980) to suggest that the hydrogenases of nickel-requiring 'Knallgas' bacteria might be nickel proteins. A little later Graf & Thauer (1981) showed for the first time that in Methanobacterium thermoautotrophicum growing on H2 + C02. the biosynthesis of hydrogenase and therefore the growth of the bacterium, is dependent on nickel because the metal is specifically incorporated into the enr.yme. They also found that the purified enzyme contains close t o one nickel atom per molecule.
During a detailed discussion with Thauer and co-workers in the initial stage of their work on the effect of nickel, we came t o the conclusion that the second paramagnetic redox component in the Chromatium enzyme was quite likely nickel and we decided to keep in close contact on this subject. Our group then re-investigated the effect of nickel addition t o the growth medium of C vinosum and found that at concentrations higher than 2 p M , hydrogenase activity is increased. Optimally, a 3-6-fold increase was obtained with I 1 pM-Ni (Albracht et al., 1982b) . We then recalled the fact that in the first e.p.r. spectrum of the enzyme recorded in our group in 1978, a complicated set of minor lines was present in the g = 2.3-2.1 region, a region where Ni(ll1) and Ni(1) usually show up (Nag & Chakravortry, 1980; Haines & McAnley, 1981) . We could not at all understand these signals, however. We then added 61Ni, which has a nuclear spin of 3/2, to the growth medium t o determine whether these signals were due t o nickel. This first attempt failed, however, because we could not obtain enough enzyme with the limited amount of the expensive nickel isotope that we initially purchased.
In the meantime, Thauer's group had succeeded in further purifying their enzyme. In co-operation with them it was found that the Methanobacterium enzyme had a very simple, nickel-like signal (Fig. 3a) . It was then a matter of weeks to prove that this signal was indeed due to nickel: with 61Ni broadening or splitting was observed in all three lines of the signal (Fig. 3b) and this could easily be simulated as low-spin Ni(II1) (Fig. 3c) . Incubation with H2 did remove the signal completely. This was the first example of redox-active nickel in a purified protein.
Detailed spectra of the Chromatium enzyme in the nickel region are given in Fig. 4 . The high-temperature spectrum (Fig. 4a) , which we call signal 3, can be interpreted as an overlap of two S = 1/2 spectra, as is easily verified by computer simulation (Albracht et al., 1983) . We assigned the spin systems to two forms of trivalent nickel, Ni-a and Ni-b. Their ratio is preparation-dependent. The possible origin of the addition lines (here called signal 4) in Fig. 4(b (1983) .
deoxygenation or the addition of 2-mercaptoethanol in the same way and t o the same extent as signal 2. In addition, we found that upon partial reduction in air, where the 4-Fe cluster (signal 2) converts into a 3-Fe cluster (signal 1) the amplitudes of signal 3 increased simultaneously with that of signal 1, whereas the absolute intensities of both signals were the same a t all times (Albracht et al., 1983 ). Since we already suspected signal 2 to be due to a [4Fe-4 S] 3 + cluster in spin-spin interaction with another paramagnet, the conclusion that Ni(II1) was the long soughtafter partner ion was only logical.
Detection of spin-spin interaction
Spectral features arising from interactions of the free electron of an S = 1/2 system with other spins, of either nuclear or electronic origin, can often be readily detected when spectra taken at different microwave frequencies are compared. We have used 35GHz (Q-band). 9 G H z ( Xband) and 4 GHz (S-band) and noticed severe shifts on a gvalue scale for all lines of the signals 2 and 4 (Albracht et al., 1984) . As expected, n o shifts were observed for the lines of the signals 1 and 3, confirming that these are due to non-interacting S = 1/2 systems. Fig. 5 shows signal 2 at 9 GHz and 35 GHz. In both spectra the two main lines centre around g = 2.009 with a splitting in field units of 5.9 mT. At 3 5 GHz the ratio between the strengths o f the spin-spin interaction and the Zeeman interaction is minimal. Indeed, phenomenologically the spectrum in Fig. 5 ( b ) resembles an axial type of spectrum with gll = 1.971 and gl = 2.009 with additional splitting due to the spinspin interaction with Ni(1II). The g-values of signal 2 are completely different from those of signal 1, which is in accordance with our conclusion that the former is due to a [4 Fe-4 S] 3 + cluster and the latter to a 3-Fe cluster. The fact that signal 2 apparently has one g-value greater than 2 and one g-value less than 2 indicates that the cluster presumably differs from the structure of the well-known [4 Fe-4 S] 3+ cluster in the HiPlP of C. vinosum (Carter, 1977) .
The signals 3 and 4 at two different microwave l~ . . . , . * , frequencies are shown in Fig. 6 . The position of the lines of signal 3 are independent of frequency (for details see Albracht et al., 1984) . In the 35GHx spectrum it can be clearly observed that the g, line of Ni-a at g = 2.16 (noninteracting nickel in inactive molecules) has two satellite lines with a mutual distance o f 12 mT. The satellite lines belong to signal 4 (spin-coupled nickel in intact enzyme molecules) and are symmetrically positioned around the central line which is due to signal 3. Also the g, line of Nib at g = 2.24 (non-interacting nickel) has two satellite lines (distance 10.5 mT) which are part of signal 4 and are most clearly seen in the ~G H L spectrum (Fig. 6a) . The siinie splitting is present at 3 5 GHz, although it is less pronounced there. The peak at g = 2.39 in the X-band spectrum is a satellite line of the two overlapping peaks around g = 2.33 and is no longer resolved at Q-band. We conclude that signal 4 is due t o overlapping spectra of Ni-a and Ni-b Spectrum at Q-band (34472 MHz) and 24 K. Spectra from Albracht et al. (1984) .
(present in intact enzyme molecules), both of which are split by spin-spin interaction with the (4 Fe-4 S] 3+ cluster. It is important t o notice in the Q-band spectra that the gvalues of the spin-coupled Ni(II1) ions in intact enzyme molecules are precisely the same as those for the noninteracting Ni(II1) ions in inactive molecules. Thus the coordination of Ni(ll1) seems independent of the types of iron-sulphur cluster in the enzyme molecule. As mentioned before, activity with artificial electron donors and acceptors is only obtained with molecules having an intact 4-Fe cluster.
From the strength of the interaction between the spins an estimate of their mutual distance can be obtained. Assuming predominantly anisotropic-exchange interaction, the observed splittings indicate (Coffman & Buettner, 1979) a distance of less than 1.2 nin between the two spin systems. As a result of the interaction, the spin-relaxation rate of nickel increases considerably, causing its signal (signal 4 ) t o sharpen up, at X-band, only below 25 K (Fig.  4) . The e.p.r. spectral characteristics of Ni(lI1) identify it as having a low-spin 3d7 configuration in a rhombically distorted octahedral ligand field. The absence of resolved hyperfine splitting in the g, line a t g = 2.01 makes the presence of axial nitrogen atoms unlikely.
This study once more demonstrates how powerful a technique electron paramagnetic resonance is in the study of enzymes containing transition-metal ions. In our research on hydrogenase the following features of e.p.r. have been particularly useful: (i) the possibility t o determine the individual spin concentrations, (ii) the use of isotopes to identify the chemical nature of the metals involved and (iii) measurements at different microwave frequencies and different sample temperatures to identify spectral features due t o spin-spin interactions. This has led us to a rapidly growing understanding of this most interesting enzyme. Photosynthesis, the process by which plants use sunlight for growth, involves a number of unique processes in energy conversion and carbon metabolism. The major contribution of e.p.r. has been t o the study of the primary energy conversion process in photosynthetic reaction centres (Evans, 1982; Hoff, 1982) , but it can also be used t o investigate the secondary electron-transport chain (Malkin, 1982) and the enzyme mechanisms involved in carbon metabolism. It can be used for the straightforward detection, identification and characterization of electrontransport components and for kinetic studies of electron transfer in a way analogous t o the use of optical absorption spectroscopy, or the more specific properties of e.p.r. spectra can be used t o provide specific structural information not available from other techniques.
The mechanism of energy conversion is the same in all chlorophyll-containing organisms. Light is absorbed by chlorophyll or other pigments, the energy of the quantum is transferred by a random process amongst the pigment molecules until it is either trapped, or lost as fluorescence.
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The fluorescence lifetime of chlorophyll in photosynthetic systems is very short (< 1 ns). Energy trapping and conversion must therefore take place very quickly. The energy trap is a chlorophyll molecule (the reaction-centre chlorophyll) which has a lower energy singlet excited state than that of the light-harvesting chlorophylls. This lower energy state is thought t o arise as a result of the protein environment of the chlorophyll rather than from chemical modification of the chlorophyll. The reaction-centre chlorophyll on excitation undergoes photo-oxidation, the excited singlet state being a much stronger reducing agent than the ground state. An electron is transferred t o an initial acceptor in a few picoseconds and in a subsequent transmembrane electron-transfer process t o a stable electron acceptor within 200 ps (Parson, 1982) . The resulting oxidized ground-state chlorophyll is then reduced by an electron donor, allowing repetition of the process. The advantages to the photosynthetic organism of operating these processes are that rather oxidized compoufids, including water, can be used as electron donors for processes requiring low-potential reducing agents, and a protonmotive force can be generated by the initial transmembrane electron transfer and by subsequent secondary electron-transport processes. The reaction centres may
